This study reports on zygosity determination in twins of childhood age. Parents responded to questionnaire items dealing with twin similarity in physical characteristics and frequency of mistaking one twin for another by parents, relatives and strangers. The accuracy of zygosity diagnosis was evaluated across twins aged 6, 8, and 10 and across parents. In addition, it was examined whether the use of multiple raters and the use of longitudinal data lead to an improvement of zygosity assignment. Complete data on zygosity questions and on genetic markers or blood profiles were available for 618 twin pairs at the age of 6 years. The method used was predictive discriminant analyses. Agreement between zygosity assigned by the replies to the questions and zygosity determined by DNA markers/blood typing was around 93%. The accuracy of assignment remained constant across age and parents. Analyses of data provided by both parents and collected over multiple ages did not result in better prediction of zygosity. Details on the discriminant function are provided. Twin Research (2000) 3, 134-141.
Introduction
In 1927, Siemens 1 suggested that the diagnosis of zygosity in twins can take place by evaluating the degree of resemblance on genetically determined traits. Development of this method resulted in the frequent use of questionnaires, often including those criteria originally proposed by Siemens, for example. 2 Several studies have shown that the establishment of zygosity based on mailed questionnaires is of considerable accuracy, with around 95% correctly classified compared with blood or DNA typing. Studies on the diagnosis of zygosity by mailed questionnaires are summarised in Appendix 1. The purpose of this paper is twofold. First, the validity of zygosity classification across childhood is examined in a large sample. One might expect the physical dissimilarity between dizygotic twins to become more obvious as they grow up. If so, the accuracy of classification is likely to improve with increasing age of the participants. A few studies have reported on this issue by evaluating the precision of zygosity diagnosis between samples varying in age, 8, 19, 23 and by test-retest estimation. 9 With the exception of the study of Cohen et al, 9 the findings are suggestive of an increased precision in zygosity prediction for older participants. However, findings may have suffered from a lack of statistical power due to a relatively small number of co-operating twins and parents.
To our knowledge there are no studies investigating this issue in a longitudinal sample. Since the availability of longitudinal data of various birth cohorts is increasing in several twin registers, 24 the establishment of zygosity incorporating longitudinal data deserves our attention. The Netherlands Twin Register collects questionnaire data on zygosity items at multiple ages in the same children by parental report. By making use of this longitudinal dataset it is possible to examine whether analysing all available data collected at different ages increases the precision of classification or whether it is sufficient or possibly advisable to rely on information obtained at a specific age only. We are especially interested to determine if reliable classification of zygosity can take place as early as age 6.
The second objective is to investigate how to make optimal use of information provided by multiple carers. The majority of participating families registered with the Netherlands Twin Register returns two completed questionnaires, usually filled in by the mother and father of the twin pair. In other twin studies of young children, typically the mother is used as primary informant. 17 It is of interest to find out whether the precision of the establishment of zygosity can further improve if information provided by a second informant is included in the analyses.
The Netherlands Twin Register has access to complete data on bloodgroup typing or DNA polymorphism and zygosity questionnaires collected in a sample of 618 twin pairs at age 6. This large number of participants provides sufficient statistical power to investigate the above issues.
Materials and methods

Subjects
The Netherlands Twin Register (NTR) is a population-based register, which contains 40%-50% of all multiple births after 1986. 25 As part of a current longitudinal study on the development of behaviour problems, two questionnaires are sent to the registered parents or primary carers at multiple points in time with an average interval of 2 years. The present study used information by parental report on twin similarity and twin confusion at three ages in childhood, for cohorts born between 1986 and 1991. On the first occasion of data collection, around the sixth birthday of the twins (mean = 6.36 years, SD = 0.95), information on zygosity by report of the father was not requested. At the second and third assessment, age 8 (mean = 7.90 years, SD = 0.50) and age 10 (mean = 10.27 years, SD = 0.40) respectively, both parents provided information on zygosity items. For this study, only pairs of same sex with DNA/blood zygosity data were included in the analyses (n = 691 pairs). Twin pairs with missing items on the parental zygosity questions were excluded. Table 1 reports on the numbers of same sex twin pairs with complete data on the zygosity items and DNA/blood typing at each age.
Complete longitudinal data were available from 253 mothers (age 6, 8, and 10), and from 224 fathers (age 8 and 10). Data from both raters were collected in 316 twin pairs at age 8, and in 257 twin pairs at age 10. The sample participating in this study was predominantly of Caucasian origin, with around 2% classified into other ethnic groups.
Zygosity questionnaire
The questionnaire used in the present study asked for information regarding similarity of the children and experiences of mistaking one for another (Appendix 2). When the twins were aged 6, parents provided information on eight items. In addition, a question concerning knowledge of zygosity classification based on DNA/blood testing was included. This item was used to identify those families with knowledge of zygosity prior to completing the questions. Two more items were added to the zygosity questionnaire at the second and third measurement occasion.
Genotyping and blood polymorphism
A total of 691 same sex twin pairs participated in DNA/blood testing; 62% donated blood samples for analyses of blood grouping profiles and 38% provided a mouth swab sample for DNA isolation. Zygosity determination was performed using eight highly polymorphic di-, tri-and tetranucleotide genetic markers. The zygosity testing included a multiplex PCR of markers D2S125, D8S1130, D1S1609, D5S816 and a second multiplex reaction of markers 15 ActC, D21S1437, D7S2846, and D10S1423. These two multiplex PCR reactions were performed essentially by the protocol provided in the website of the Marshfield Institute (http:/ /www.marshmed.org/genetics/). For the purpose of zygosity determination based on blood grouping profiles, red cells were typed with test sera for the following red cell blood group antigens: AB, CcDEe, MNSs, P 1 . More details on the collection and treatment of these blood samples are given by Van Dijk et al. 26 
Statistical procedures
All parents of twins with DNA/blood data were informed about the zygosity results. Since the employment of DNA/blood testing varied across age, two groups of families could be distinguished. One group of parents with knowledge of the DNA/blood test results before completion of the questionnaire, and one group of parents whose twin pair had not yet participated in the DNA/blood testing. Since prior knowledge of the test results may affect responses to the zygosity questions, it was established first whether the two groups of parents differed in their item response pattern. If so, generalisation of the application of the statistical function to samples for which no information on biological indices is available is seriously hampered. The tests were performed on each item separately by employment of 2 tests. Predictive discriminant analysis was used for classifying subjects into MZ and DZ groups. 27, 28 In the present study, the discriminant analysis generated a linear function of the weighted sum of the questionnaire items with the weightings chosen, such that the distinction between MZ and DZ twins was optimal. The estimated success of classification or hit rate is the proportion of correctly classified 
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Childhood zygosity ascertainment MJH Rietveld et al y observations in the sample. It is sometimes argued that this hit rate is optimistically biased since the classification rule is derived from and applied to the same sample. This bias can be avoided in two ways, either through use of large samples or through application of an external classification analysis. In this study, both routes are taken. As a criterion for sample size, it is proposed that the minimum of observations in the smallest group should be at least five times the number of questionnaire items. As can be seen in Table 1 , this requirement was easily met by each individual dataset. The leave-one-out procedure was chosen as the preferred external analysis. This method omits an observation, recalculates the classification rule from the remaining observations, classifies the deleted observation, and repeats these steps for each observation in the sample. The number of deleted observations correctly classified are counted and reported as cross-validated hit rates. Considering the proportion of same-sex MZ and DZ twins in the population, equal prior probabilities of group membership were used. To define the underlying construct that the discriminant function represents, inspection of the correlations between the discriminant function and each of the questionnaire variables was performed. The discriminant function and descriptive statistics were calculated using Statistical Package for Social Sciences/ Windows 9.0.
Results
At age 6, out of 618 pairs with DNA/blood data, 411 mothers knew the result of zygosity testing and 199 mothers had not yet received a request for DNA/ blood testing for their twins. Eight mothers had not answered the question. The ratio MZ : DZ was equal in both groups and data were pooled across zygosities to examine mothers' responses between groups. A difference in response pattern was observed for 1 item only, 'do strangers have difficulty telling them apart?' ( 2 = 5.17 (1), P = 0.02). A positive answer was given by 65% of those mothers who were ignorant of zygosity, compared with 75% among mothers with knowledge of the DNA/blood test result. Overall, the two groups did not seem to differ allowing the discriminant function to be applied to both groups simultaneously.
A summary of the results of the first series of discriminant analyses is given in Table 2 . Each analysis indicated a very accurate hit rate. Between 91.6% and 94.2% of all twin pairs were assigned the correct zygosity by the discriminant function. The precision of classification was not equally distributed across zygosities. Irrespective of age, correct classification for MZ twins was estimated around 97%, whereas around 88% of DZ twins were identified correctly.
Next, twin pairs with longitudinal questionnaire data were considered. The analysis of data collected at age 6, 8, and 10 by report from the mother resulted in a hit rate of 93.7%. Analysis of fathers' reports collected at the twins' age of 8 and 10 yielded a correct classification of 94.2%. Finally, data from mother and father were analysed jointly. At age 8, 93.4% of all twin pairs were classified correctly. A hit rate of 93.8% was obtained at age 10.
The above cross-validated hit rates indicated a minimal difference in the precision of assignment across the use of various datasets. The use of multiple raters and longitudinal data did not lead to an increased precision of zygosity prediction. Because the majority of twin studies are performed within cross-sectional designs, we believe it is of much practical use to report upon the discriminant function coefficients resulting from the first series of analyses. These parameter values together with the associated classification scores are given in Appendix 3. For interpreting the discriminant function, we have listed the correlations between each function and each questionnaire item in Table 3 .
Across age and parent, the majority of the correlations ranged from 0.50 to 0.80. Identification of those questionnaire items that show the largest overlap with the function helps to determine the underlying construct that the discriminant function represents. The zygosity questionnaire was developed along two dimensions, similarity of physical characteristics and confusion of identity. At either age and for either parent, the most informative correlations were not clustered in a sense that the function could easily be defined along one of these dimensions. Closer inspection revealed a few interesting details. With the exception of item 1 (facial appearance) and item 2 (hair colour), a relatively large degree of overlap was observed between mothers and fathers within age 8 and age 10 of the twins. Looking at the ranking of the items, parents evaluated the questions in the same general manner. When the percentage of correctly classified twins was taken into consideration, this indicated that parents are interchangeable in assessing identity and fraternity in their children. Another interesting finding was the very small correlation found for item 5 ('peas in a pod'). In contrast to numerous other studies, for example, Magnus et al, 16 this item was of minor importance in defining the discriminant function. Even smaller correlations were observed for item 6 (confusion by mother or father) and item 9 (tell twins apart in photograph). The association among these three items seems obvious given that these questions rely on parental impression of global similarity and parental confusion of twins' identities. Apparently, parents themselves did not have difficulties in telling who is who.
Discussion
The primary focus of this study was to evaluate the accuracy of zygosity determination in young children. As young as age 6, the precision in zygosity prediction was high, with 94% agreement between zygosity assigned by the parental replies to the questionnaire items and zygosity determined by blood typing or analyses of genetic markers. It was found that the accuracy of classification remained stable across childhood. The suggestion that determination improves with increasing age due to more obvious dissimilarities in dizygotic twin pairs was not confirmed. It was also found that mothers and fathers were equally effective in diagnosing their children.
Although the questionnaire items allow an accurate determination of zygosity, the accuracy resulting from the discriminant analyses was not equally distributed in monozygotic and dizygotic pairs. At each age and for both parents, a bias towards classification as monozygotic twins took place. This may have resulted either from a tendency by parents to overestimate similarities in their twin children or from a lack of sensitivity of these questions to detect fraternity. The former case seems less plausible, considering assessment of parental replies to a question that deals with their personal opinion of the twins' zygosity. This item is included in a questionnaire sent to parents shortly after registration with the NTR (before the twins' first birthday). Correct in 80% of the cases, parents misclassified true MZ twins more than four times as often as true DZ. This result may reflect either the fact that parents are misinformed by physicians or the parents' wish for fraternity, or a combination of both. A preference towards labelling a twin as dizygotic is commonly found both by use of parental report, as in Cohen et al 9 and self report. 29 The sample used in the analyses was mainly Caucasian. This may imply that the use of the zygosity questionnaire and the application of the discriminant functions do not generalise to groups of non-Caucasian ethnic origin.
Concluding, the use of the zygosity questions and the employment of discriminant analysis as multivariate tool for classification seem of value in determining zygosity in young twins. A description of 'identical' and 'nonidentical' was given by the investigator, followed by one single item that dealt with the twins' own opinion; their joint answer had to be confirmed by the parents
Since parents and twins all had to agree on the zygosity of the pair, evaluation of zygosity diagnosis was performed on one item only 100% of total sample correct Items are rated 0, 1, or 2 on a three-point scale. Dichotomous items are rated 0 or 1. By multiplying each coefficient with the item score and summing these products with the constant, a zygosity score is obtained for each individual pair. This zygosity score is compared with the classification score that is generated by the discriminant function analysis. In this study, the classification score is 0.4 for each individual dataset. Pairs whose zygosity score is greater than 0.4 are assigned the label monozygotic, pairs with scores below this classification score are considered dizygotic.
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